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Monoclonal antibodyExpression of multiple therapeutic proteins from Tobacco mosaic virus (TMV)-based vectors was not
successful when plants were coinoculated with a mixture of two TMV vectors engineered to express two
foreign genes individually. Here, we have engineered and developed a defective RNA (dRNA)-based TMV
vector (dRT-V) that utilizes two components of the same virus, with the dRNA component depending on the
helper virus for replication. Agrobacterium-mediated coinoculation of Nicotiana benthamiana plants with
both components of the dRT-V resulted in high-level expression of a human growth hormone and a
lichenase-fused lethal factor protein of Bacillus anthracis. Furthermore, both heavy and light chains were
expressed and assembled into a monoclonal antibody (mAb) speciﬁc to the protective antigen of B. anthracis,
and the average yield of the puriﬁed antibody obtained was 120 mg/kg of fresh tissue. Our data suggest that
dRT-V has a potential for rapid, cost-effective, large-scale manufacturing of multiple therapeutic proteins
including mAbs in response to any biological emergencies., DE 19711, USA. Fax: +302
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
In view of an increased risk of any natural or intentional biological
emergencies, there is an urgent need to develop effective counter-
measures against an outbreak and spread of biological infection. As of
now, Bacillus anthracis is considered to be one of the high-priority
biological agents (category A) according to Centers for Disease Control
and Prevention (CDC). Therefore, production of large quantities of
biological therapeutics including monoclonal antibodies (mAbs)
against B. anthracis is critical. B. anthracis produces the protective
antigen (PA) and the lethal factor (LF), which, in combination, form
the lethal toxin. Both PA and LF have been used to generate
therapeutics and vaccines against anthrax (Albrecht et al., 2007;
Chichester et al., 2007; Hull et al., 2005; Little et al., 1988).
In the past two decades, several plant RNA viruses including
Tobacco mosaic virus (TMV) have been used as vectors for the
expression of foreign genes in plants (Dawson et al., 1989; Donson
et al., 1991; Rabindran and Dawson, 2001; Shivprasad et al., 1999;
Yusibov et al., 2006; Yusibov et al., 1999). These RNA viral vectors
(Pogue et al., 2002; Scholthof et al., 1996) replicate in the cytoplasm of
a plant cell without entering into the nucleus and result in high
quantities of a heterologous protein expression within a short period
of time. However, the use of plant viral vectors for the coexpression ofmultiple genes in a single cell has been limited, probably because of
the competition between homologous viruses carrying heterologous
genes (Giritch et al., 2006; Sainsbury et al., 2008).
TMV has a single-stranded, positive-sense RNA genome of 6395
nucleotides in length (Goelet et al., 1982). Among the four encoded
proteins, the 126- and 183-kDa replicase proteins are translated from
the genomic RNA, with the latter by read-through of the amber stop
codon (Pelham, 1978). The movement protein (MP) and capsid
protein (CP) are expressed from the respective 3′ coterminal
subgenomic RNAs. The 126/183-kDa proteins consist of three
domains; the 126-kDa protein contains methyltransferase (MT) and
helicase-like (HEL) domains separated by a nonconserved region,
whereas the read-through portion of the 183-kDa protein contains a
polymerase domain (Ahlquist et al., 1985; Kadare and Haenni, 1997;
Koonin and Dolja, 1993; Rozanov et al., 1992). Virus replication
requires the 126- and 183-kDa replicase proteins (Goelet et al., 1982;
Ishikawa et al., 1986; Lewandowski and Dawson, 2000; Meshi et al.,
1987) but not MP or CP (Meshi et al., 1987; Takamatsu et al., 1987).
While the MP is required for cell-to-cell and phloem-dependent long-
distance transport inNicotiana benthamiana plants (Deom et al., 1992;
Meshi et al., 1987), the CP is not essential for cell-to-cell transport but
is required for efﬁcient systemic movement in N. benthamiana and
other hosts species (Dawson et al., 1988; Saito et al., 1990; Spitsin
et al., 1999; Takamatsu et al., 1987;Wolf et al., 1989). However, for an
expression vector, systemic movement of a plant virus does not seem
to be required and could even result in instability of the construct, a
loss of the foreign gene, and reduced yields as described previously
Fig. 1. Schematic presentation of the helper constructs, pGRD4hGHand pGRD4DsRed, and
the dRNA constructs, pGRDefGFP and pGRDefLic-LF. The numbers 841 and 5182 in the
dRNA constructs indicate the nucleotide positions in the wild-type TMV where internal
sequences have been deleted and replaced with AvrII and KasI restriction sites. MP,
movement protein; U1, a strain of TMV; hGH, human growth hormone; DsRed,Discosoma
sp. red ﬂuorescent protein; GFP, green ﬂuorescent protein; Lic-LF, B. anthracis lethal factor
[LF] fused to the lichenase [LicKM] carrier.
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inﬁltration results in infection of all leaves, making systemic move-
ment of the vector unnecessary during the time period used for
maintaining plants for production of heterologous proteins. Therefore,
CP-deﬁcient TMV vectors have been developed and used to express
foreign genes in plants (Lindbo, 2007; Musiychuk et al., 2007;
Takamatsu et al., 1987). To express multiple foreign genes in the
current study, we have used CP-deﬁcient full-length and artiﬁcially
created TMV defective RNA (dRNA) vectors.
dRNAs are often associated with many RNA virus infections (Graves
et al., 1996; Havelda et al., 2005; White and Morris, 1999). They arise
naturally through deletion or rearrangement of internal sequences of a
viral genome, and are incapable of self replication and/or movement
(Davis et al., 1980; Graves et al., 1996; White and Morris, 1999). Two
types of dRNAs exist in plant viruses: defective interfering RNA (DI-
RNA),which interfereswith the replication of thewild-typehelper virus
and/or affects host's symptomatology (Simon et al., 2004), and dRNA,
which has no or little effect on the helper virus replication (Rubio et al.,
2000; White and Morris, 1999). However, both types of dRNAs are
dependent upon the helper virus for their replication and/ormovement
functions in trans, and must contain cis-acting signals for interaction
with the replicase complex. Reduced size is a beneﬁt of dRNAs as
expression vectors because it implies a large cloning capacity for the
insertion of heterologous genes and provides them with a replicative
advantage over wild-type viruses and, as a result, high-titer accumu-
lation (Sainsbury et al., 2008; Sandoval et al., 2008).
dRNAs are not associated with TMV infection in nature. However,
artiﬁcially createddRNAscan replicate efﬁciently in presenceof the183-
kDa protein derived from the helper virus and can accumulate at very
high levels alongwith thewild-type virus RNA in the protoplast (Knapp
et al., 2005; Lewandowski and Dawson, 1998). Some dRNAs are able to
move from cell to cell and even longdistances inN. benthamiana (Knapp
et al., 2001, 2005, 2007). These dRNAs have been used to elucidate the
role of the N-terminal MT domain of TMV in the virus movement
(Knapp et al., 2005).
There have been no reports so far on any expression vector based
on dRNAs lacking such essential functional genes as the replicase, MP,
or CP. In the present study, we have engineered and developed a CP-
deﬁcient, two-component, dRNA-based TMV vector (dRT-V) system
that allows us to coexpress two heterologous proteins in a single
cell by agroinﬁltration without involving systemic movement of
the viral replicons. To demonstrate the feasibility of this system, we
have successfully coexpressed green ﬂuorescent protein (GFP) and
human growth hormone (hGH); lichenase-fused LF (Lic-LF) protein of
B. anthracis and hGH, GFP and Discosoma sp. red ﬂuorescent protein
(DsRed), and most importantly, both subunits of a mAb speciﬁc to PA
of B. anthracis (mAbPA), which assemble into a mature antibody in
N. benthamiana plants.
Results
Multiple gene expression by dRT-V
To determine whether the pGRDef construct is a functional vector
and toexpressmultiple genes fromdRT-V,we inﬁltratedN. benthamiana
plants with a 1:1mixture of two Agrobacterium cultures each harboring
either pGRDefGFP or pGRD4hGH (used as a helper) (Fig. 1). Plants
inﬁltrated with pGRDefGFP without any helper vector served as a
control. All inﬁltrated plants were examined under UV light at 5 and
7 dpi. Bright green ﬂuorescence was visualized in the plants inﬁltrated
with a mixture of two cultures (pGRDefGFP+pGRD4hGH constructs),
indicating GFP expression (Fig. 2A). No ﬂuorescence was observed at
7 dpi in the control plants inﬁltrated with pGRDefGFP alone (Fig. 2A),
which suggests that the coexpression of the helper TMV vector
(pGRD4hGH) was essential for expression of GFP from dRNA vector
(pGRDefGFP). Western blot analysis using anti-GFP and anti-hGHantibodies demonstrated that both GFP and hGH proteins were
expressed in the plants coinﬁltrated with pGRDefGFP+pGRD4hGH
(Fig. 2B). These data demonstrate that two recombinant proteins can be
expressed by the dRNA-based TMV vector.
We also investigated coexpression of a vaccine antigen, Lic-LF
(from dRNA vector), and a therapeutic protein, hGH (from helper
vector), in N. benthamiana plants inﬁltrated with a mixture of two
Agrobacterium cultures carrying either pGRDefLic-LF or pGRD4hGH
(as a helper). Zymogram analysis showed the presence of LicKM in the
plant tissue at 7 dpi, conﬁrming expression of Lic-LF from pGRDefLic-
LF (Fig. 2C). We also observed hGH expression in these plants at 7 dpi
using Western blot analysis (data not shown). Taken together, our
results showed that a vaccine antigen alongwith a therapeutic protein
can be expressed simultaneously by dRT-V.
To determine whether multiple recombinant proteins could be
expressedwithin the same cell, N. benthamiana plants were inﬁltrated
with a mixture of two Agrobacterium cultures carrying pGRDefGFP or
pGRD4DsRed. Plants inﬁltrated with a single culture of either
pGRDefGFP or pGRD4DsRed served as controls. Leaf tissues were
examined under the microscope using GFP- and DsRed-speciﬁc ﬁlters
at 5 dpi. Both green and red ﬂuorescence were observed within the
same cell in the tissues inﬁltrated with pGRDefGFP+pGRD4DsRed
(Fig. 2D). No green ﬂuorescence was detected in the plants inﬁltrated
with pGRDefGFP alone under UV light, whereas only red ﬂuorescence
was observed in the pGRD4DsRed-inﬁltrated plants (data not shown).
Thus, our data demonstrate that GFP and DsRed are expressed within
a single cell of N. benthamiana.
Expression of a full-length mAb from dRT-V
We investigated whether synthesis of a mAb that requires
coexpression of HC and LC in the same cell can be achieved using
the dRT-V–based technology. To express a mAb, HC and LC genes of
the mAbPA were individually cloned into pGRD4 and pGRDef to
generate pGRD4HC and pGRDefLC (Fig. 3), or vice versa. Correspond-
ingly, N. benthamiana plants were coinﬁltrated manually with a
mixture of Agrobacterium cultures harboring LC- and HC-expressing
vectors in two combinations. Expression of LC and HC resulting from
either pGRDefLC+pGRD4HC or pGRDefHC+pGRD4LC combination
at 5 dpi was assessed under reducing conditions by Western blot
analysis using an anti-human IgG (wholemolecule-speciﬁc) antibody.
The results demonstrate two proteins of approximately 50 and 25 kDa
corresponding to HC and LC, respectively, without any visible protein
degradation (Fig. 3). However, accumulation of LC was greater when
Fig. 2. Expression of multiple heterologous proteins from the dRT-V system. (A) Expression of GFP in N. benthamiana plants inﬁltrated with a mixture of Agrobacterium cultures
containing either pGRDefGFP or pGRD4hGH (helper) viewed under UV light at 5 and 7 dpi. N. benthamiana leaf inﬁltrated with pGRDefGFP alone is shown on the right. (B) Western
blot analysis of tissues harvested at 7 dpi from N. benthamiana plants inﬁltrated with a mixture of Agrobacterium cultures containing either pGRDefGFP or pGRD4hGH (helper) and
detected with a mixture of anti-GFP and anti-hGH antibodies. Lanes: G/H, 100 ng each of GFP (Clontech) and hGH (humatrope, Eli Lily) standards, respectively; M, SeeBlue Protein
marker (Invitrogen Inc.); C, pGRDefGFP-inﬁltrated tissue (no helper); and 1–6, six individual plants inﬁltrated with a mixture of pGRDefGFP and pGRD4hGH constructs.
(C) Expression of Lic-LF from the pGRDefLic-LF vector. Zymogram analysis was performed using the preparation of total proteins extracted from tissues of six individual
N. benthamiana plants inﬁltrated with a mixture of two Agrobacterium cultures containing either pGRDefLicLF or pGRD4hGH (helper) (lanes 4, 5, 6, 7, 8, and 9). Lanes: 1, puriﬁed Lic-
LF standard; 2, SeeBlue marker (Invitrogen); 3, non-inﬁltrated tissue. (D) Expression of multiple proteins within a single cell. Microscopic view of DsRed- (left) and GFP- (center)
expressing cells of N. benthamiana plants at 5 dpi with a mixture of Agrobacterium cells containing either pGRDefGFP or pGRD4DsRed. The merge image is shown on the right.
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pGRDefLC+pGRD4HC (Fig. 4A). These samples were further analyzed
using HC- or LC-speciﬁc antibodies. The results show that the
combination of pGRDefHC+pGRD4LC expressed more LC than HC
(Fig. 4B). In addition, we detected an artifact (probably a dimer form)
of LC (LC 2) which corresponded to a HC monomer by molecular
weight (50 kDa) (Fig. 4A).
We next studied accumulation of the mAb in N. benthamiana in a
time-course experiment using the pGRDefLC+pGRD4HC combina-tion for plant coinﬁltration. Leaf disc samples were harvested at 3, 5, 7,
8, 11, 12, 13, 14, and 15 dpi, and LC and HCwere detected using chain-
speciﬁc antibodies. The maximum levels of both LC and HC have been
observed at 12 dpi (data shown only for 8 through 15 dpi) (Fig. 5). The
total protein (TP) was estimated to be up to 700 mg for LC and 400 mg
for HC per kilogram of fresh leaf tissue.
Taken together, the presented data demonstrate that in addition to
multiple heterologous recombinant proteins, the dRT-V system can be
successfully used to produce a full-length mAb in plants.
Fig. 3. Expression of a mAb from the dRT-V system using a combination of pGRDefLC+
pGRD4HC constructs. (A) Schematic diagrams of pGRDefLC and pGRD4HC constructs.
(B) Western blot analysis of N. benthamiana plants manually inﬁltrated with a mixture
of two Agrobacterium cultures containing either pGRDefLC or pGRD4HC. The SDS–PAGE
gel was run under reducing conditions, and after transfer, the blot was detected with an
anti-human IgG (whole molecule) antibody. Lanes: 12.5, 25, and 50, three concentra-
tions (ng) of a human IgG standard; M, magic marker (Invitrogen); H, noninﬁltrated
tissue; P1, P2, and P3, three individual plants. Arrows indicate relative positions of HC
(γ) and LC (κ).
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To examine if LC and HC expressed from the dRT-V system form an
assembled antibody, N. benthamiana plants were inﬁltrated with a
mixture of Agrobacterium cultures containing either pGRDefLC or
pGRD4HC, and amAbwas puriﬁed from the leaf samples collected at 5
dpi using a small-scale protein puriﬁcation step.Western blot analysis
using LC- and HC-speciﬁc antibodies has demonstrated the presence
of LC and HC in both crude extract and puriﬁed samples, and the
average yield of assembled antibody after puriﬁcation was estimated
to be 120 mg/kg of fresh leaf tissue. The presence of LC was also
noticed in the unbound ﬂow-through fraction (Fig. 6). Thus, LC and HC
expressed together from dRT-V produced an assembled mAb in vivo.
Discussion
In this study, we have engineered and developed the dRT-V system
that consists of an artiﬁcially constructed TMV dRNA and its helper
vector and expresses multiple genes including therapeutic and vaccine
proteins and full-length mAbs in plants without involving systemic
movements of the viral components. Systemic movement of a virus
expression vector may result in vector instability, a loss of the foreign
gene, and lowyields as seenpreviously (Dawsonet al., 1989).Moreover,
Agrobacterium-mediated vacuum inﬁltration results in infection of all
leaves, making systemic movement of the vector unnecessary during
the time period used for maintaining plants for production of
heterologous proteins. It has been reported in the literature that CP-
deﬁcient TMVs are not capable of systemic movement (Lindbo 2007).
The nucleotide sequence of TMV in pGRD4 is identical to that in pBID4,
and pBID4 lacks a systemicmovement capacity due to the absence of CP.
Both of our TMV-based vectors (pGRD4 and pGRDef) are CP-deﬁcient
and have been observed by us before to be unable tomove systemically.
Using this two-component vector system, we have successfully
coexpressed multiple foreign genes in N. benthamiana plants, and the
proteins were shown to be expressed within the same cell. This is
important for the synthesis of a full-lengthmAb,which requires efﬁcientassembly of LC and HC fragments within the same cell. In addition, this
expression vector system is very robust since its components are based
on the viral replicons and highly efﬁcient CP subgenomic promoters of
TMVdrive the expressionof foreigngenes. Previously, it has beenshown
that two TMV replicons expressing two heterologous genes segregate
early during cell-to-cellmovement (Giritch et al., 2006). Inour study, for
the ﬁrst time, we provide evidence that two heterologous genes can be
coexpressed in a single cell from the sameviruswhen delivered through
twoviral components,withoneof them(dRNA)dependingon its helper
component for replication.
TMV is a monopartite virus, which has not been reported to be
associated with dRNAs in nature. However, synthetic dRNAs created
via various internal deletions can replicate and move through plas-
modesmata with various efﬁciencies. Some dRNAs may even move
long distances in the presence of a helper virus (Knapp et al., 2001,
2005, 2007; Lewandowski and Dawson, 1998). This bipartite system
allowed studying functional properties of the N-terminal MT domain
in the dRNA movement (Knapp et al., 2005). However, to our
knowledge, no multigene expression vector has been made based on
TMV dRNA. Knapp et al. (2001) reported a TMV construct, TMV420,
whichwasmodiﬁed to express GFP from the CP subgenomic promoter
followed by 3′ proximal 100 nucleotides of the CP ORF. However,
there is no report of expressing multiple foreign genes from this
dRNA-based vector system. The idea of coexistence of replication-
defective dRNAs along with replication-competent TMV replicons
(without interfering each other unlike DI-RNAs) prompted us to
develop the dRT-V system that can coreplicate and express multiple
foreign genes in the same cell. Our dRNA construct expressing GFP
and other foreign genes has 3′ UTR without the additional 3′ proximal
100 nucleotides of the CP ORF, which, in our system, were not
necessary for foreign gene expression. Another important thing is
that, although each component of the dRT-V system had an identical
CP subgenomic promoter, we were able to express multiple proteins
without any apparent viral recombination (data not shown), which
otherwise could result in the loss of transgenes as seen in previous
studies (Chapman et al., 1992; Dawson et al., 1989).
Another advantage of dRT-V is that it uses small-size plasmids
(approx. 6 kb in pGRDef and 10.3 kb in pGRD4, compared to approx.
19 kb in pBID4) which are efﬁcient in downstream genemanipulation
(e.g., cloning of foreign genes) and rapid delivery of recombinant
target genes into plant cells via agroinﬁltration.
The helper TMV vectors used in our dRT-V system, pGRD4 vectors,
not only provided functional replicase and movement proteins in trans
to the dRNAs (transcribed from pGRDef vectors) but also expressed
foreign genes within the same cells. Thus, we have successfully
coexpressed two heterologous proteins within a single cell, including
GFP and hGH, Lic-LF and hGH, and GFP and DsRed. In previous studies,
expression of two heterologous proteins was achieved either by
expressing proteins from noncompeting monopartite viruses (e.g.,
TMVandpotato virus X [PVX]or potyvirus andPVX) ormultiple copies of
the deleted version of a bipartite virus (e.g., Cowpea mosaic virus)
(Dietrich and Maiss, 2003; Giritch et al., 2006; Sainsbury et al., 2008).
Although a humanmAb could be expressed using TMV and PVX, this, in
fact, required coinoculation of six Agrobacterium cultures (Giritch et al.,
2006). Our dRT-V system included only two Agrobacterium cultures,
which was sufﬁcient to generate a full-length mAb. In our experi-
ments, the combination of pGRDefLC+pGRD4HC was superior over
pGRDefHC+pGRD4LC in production of an assembled mAb. However,
since the procedures used in this vector system have not been opti-
mized, there is a potential to increase the overall yield of the assembled
mAb.
In conclusion, we have demonstrated that the dRT-V combined
vector system can express a wide range of proteins including reporter
proteins, therapeutic and vaccine proteins, and full-length mAbs in
N. benthamiana plants. In addition, this dRNA-based vector system has
been shown to express multiple foreign proteins without requiring
Fig. 4. Expression of a mAb from the dRT-V vector system using a combination of pGRDefHC+pGRD4LC constructs. (A) Western blot analysis of N. benthamiana plants manually
inﬁltrated with a mixture of two Agrobacterium cultures containing either pGRDefHC or pGRD4LC. The SDS-PAGE gel was run under reducing conditions and after transfer the blot
was detected with an anti-human IgG (whole molecule) antibody. Lanes: 1, 2, and 3, three concentrations of a human IgG standard (12.5, 25, and 50 ng, respectively); 4, magic
marker (Invitrogen); 5–14, individual plants. HC and LC are heavy and light chain monomers, respectively; LC 2 indicates a dimer form of LC. (B) Detection of chain-speciﬁc signals
using Western blot analysis. The blot was detected with antibodies speciﬁc to either HC (γ, upper panel) or LC (κ, lower panel).
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proteins were restricted within the inoculated leaves without any
systemic movement of the viral replicons, which is advantageous in
terms of rapid biocontained production of vaccines and therapeutics
in response to any natural or intentional biological emergencies.
Materials and methods
Construction of plasmids and dRNA vectors
All constructs were made using standard recombinant DNA tech-
niques. Previously, we have made the pGRD4 vector (Shoji et al.,
2009a,b) that was based on the ‘launch’ vector, pBID4, containing the
nucleotide sequence of TMV (Musiychuk K, 2007b), and a modiﬁed
pGreenII plasmid containing suitable multiple cloning sites (obtained
fromDrs. Roger Hellens and Phil Mullineaux of the John Innes Centre).
In this study, we constructed pGRD4hGH (Fig. 1) by cloning the
nucleotide sequence of TMV from the pBID4hGH vector (where the
open reading frame [ORF] of hGH is inserted between PacI and Xho I
sites of pBID4) into a modiﬁed pGreenII plasmid. Cloning was carried
out in three steps, and involved HindIII–XmaI and XmaI–XhoI digestedfragments, aswell as a PCRproductof pBID4hGHampliﬁedwithprimers
SR162 (CCG CCT CGA GGG TAG TCA AGA TGC AT) and NosTerNotRev
(CAA GCG GCC GCG ATC TAG TAA CAT AC). The ampliﬁed PCR product
was ﬁrst inserted into an intermediate vector, pGEM-Teasy (Promega
Corp.), in order to create a NotI site. The construct pGRD4DsRed was
createdby replacinghGH inpGRD4hGHwitha PacI-XhoI digestedDsRed
monomer (Discosoma sp. red ﬂuorescent protein; Clontech Laboratory)
(Fig. 1).
dRNA vectors that we constructed in this study included a portion
of the MT domain of the 126/183-kDa replicase protein, the CP
subgenomic promoter, and the 3′ untranslated region (UTR) of TMV,
as described previously (Knapp et al., 2007). We deleted CP
sequences, except for the CP subgenomic promoter which was used
to drive expression of heterologous proteins (Fig. 1). All dRNA
constructs were based on the pGRD4hGH binary vector. To construct
dRNA vectors, we ﬁrst used pBluescript (Stratagene) as an interme-
diate subcloning vector. To delete the 4340-nucleotide-long DNA
fragment from the pGRD4hGH plasmid (corresponding to the TMV
portion between nucleotide positions 841 and 5182), we ampliﬁed
two PCR products from the plasmid pGRD4hGH using two pairs of
primers: TMVXmaF (TGC TAC CCG GGC GTA TCC AGA ATT C) and
Fig. 5. Accumulation of LC and HC in a time course experiment. Western blot analysis of
N. benthamiana plants coinﬁltrated with two Agrobacterium cultures containing either
pGRDefLC or pGRD4HC at different days post inﬁltration using anti-human antibodies
speciﬁc to HC (γ, upper panel) and LC (κ, lower panel) . Lanes: S1, S2, and S3, three
concentrations of a human IgG standard (250, 500, and 1000 ng, respectively).
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CGA AAA AC), and TMV5182AvrKasF (TTC CTC CTA GGA AGG CGC CGA
CAA AAG GAT GGA AAG AGC CG) and SR29 (CGG GGT ACC TGG GCC
CCT ACC GGG), respectively. A three-piece ligation reaction was
performed using the XmaI–AvrII digested fragment (the ﬁrst PCR
product of 586 nucleotides), AvrII–KpnI digested fragment (the
second PCR product of 1516 nucleotides), and XmaI–KpnI digested
pBluescript vector. Finally, the XmaI–KpnI digested fragment from this
intermediate construct was cloned back into the XmaI–KpnI digested
pGRD4hGH plasmid to create pGRDefhGH vector which retained the
hGH gene but carried the deletion between the TMV nucleotide
positions 841 and 5182. The pGRDefGFP and pGRDefLic-LF constructs
were further made by inserting GFP [a cycle 3 GFP; Invitrogen
(Crameri et al., 1996)] or Lic-LF [B. anthracis lethal factor (LF) fused to
the lichenase (LicKM) carrier (Musiychuk K, 2007)] into the PacI–XhoI
digested pGRDef vector, respectively (Fig. 1).Fig. 6. LC and HC expressed from the dRT-V vector system form an assembled antibody.
Western blot analysis of puriﬁed proteins from N. benthamiana plants coinﬁltrated with
Agrobacterium cultures containing either pGRDefLC or pGRD4HC. Proteins were
puriﬁed using protein A column and separated using 10% SDS–PAGE. The blots were
probed with HC- (γ) or LC- (κ) speciﬁc antibodies. Lanes: C, crude extract; P, puriﬁed
proteins; Ft, ﬂow-through fraction.Coinoculation by agroinﬁltration
All pGRDef and helper pGRD4 plasmids were transformed into the
strain GV3101 of Agrobacterium tumefaciens by coelectroporation with
another plasmid, pSoup, which is needed for the replication function
of pGreenII-based plasmids in trans (Hellens et al., 2000). Bacterial
cells were grown overnight in Luria broth media, centrifuged, and
resuspended inABmedia (Greenet al., 2009). Bacterial cultures carrying
the helper pGRD4 plasmid and pGRDef construct were mixed at 1:1
ratio before coinﬁltration. Leaves of 4- to 6-week-old N. benthamiana
plants were inﬁltrated from the underside using a needleless syringe.Analysis of protein expression by immunoblotting and zymogram
Inﬁltrated plants were ﬁrst examined for GFP expression using
handheld UV illumination. Leaf discs were collected at different days,
and either processed immediately or frozen at −80°C and processed
later. Three leaf discs (one circular disc of size about 1 cm in diameter
and weighing approximately 6–10 mg from each of three inﬁltrated
leaves) were homogenized in 300 μl of the SDS–PAGE sample buffer
and boiled for 5 min. After brief centrifugation, 5 μl of the supernatant
was loaded on 10% polyacrylamide gel (Laemmli, 1970), and proteins
were separated by SDS–PAGE for 1 h. The gel was then transferred
onto a nitrocellulose membrane using either a semidry blotter or a
wet transfer method for Western blot analysis. GFP and hGH were
detected using rabbit anti-GFP and chicken anti-hGH (GeneWay
Biotech, Inc.) antibodies, respectively, followed by horseradish
peroxidase (HRP)-conjugated secondary antibodies. Signals were
detected using chemiluminescence reagents.
Lic-LF expression was assessed using zymogram analysis (Koma-
makhin et al., 2005). For this, 10% SDS–PAGE containing 0.5% lichenan
in the resolving gel was performed. After electrophoresis was
complete, the gel was rinsed twice with 100 mM Tris–HCl (pH 8.0)
containing 0.1% Triton X-100 for 10–15 min followed by incubation in
the same buffer at 65 °C for 1 h. The gel was then stained with Congo
red (0.5% solution in water) for 5 min, rinsed with water, treated with
1 M NaCl for 30 min, and destained with 1 M Tris base until a bright
clear zone appeared.
MAb expression was assessed using either a primary mouse anti-
human immunoglobulin (IgG) antibody speciﬁc to the whole molecule,
followed by an HRP-conjugated secondary antibody, or anti-human
antibodies speciﬁc to the IgG heavy chain (HC) or light chain (LC),
followed by an HRP-conjugated secondary antibody. Signals were
detected using chemiluminescence reagents. Protein quantiﬁcationwas
done using the ‘GeneTools’ software program (Syngene Inc.).Microscopic analysis of protein coexpression
Agroinﬁltrated leaves were viewed under a microscope for green
(GFP) and red (DsRed) ﬂuorescence using facilities at the Delaware
Biotechnology Institute Bio-Imaging Center at the University of
Delaware. Leaf discs were examined using a Zeiss Axioskop 2 with
standard ﬁlter sets for green and red ﬂuorescence, and overlay (for
both GFP and DsRed).Antibody puriﬁcation
About 5–10 g of leaf tissue was harvested 5 days post inﬁltration
(dpi) and was either processed immediately or frozen at −80 °C for
future use. Samples were ground in liquid nitrogen and homogenized
in 3 volumes of the extraction buffer (50 mMTris, pH 7.5; 10 mMEDTA,
pH 8.0) at 4 °C. After two centrifugation steps, the samples were passed
through protein A columns (GE Healthcare) following manufacturer's
instructions.
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